Oriental hybrid lily flowers have a pleasant fragrance. Especially in a confined space, however, the scent can be perceived as too strong and therefore unpleasant. Our analysis of the major scent compounds in cut flowers of 'Casa Blanca' lilies, which is one of the most popular oriental hybrid lilies in Japan, identified two aromatics (benzyl alcohol and iso-eugenol) and two terpenoids (linalool and cis-ocimene). In addition, p-creosol (aromatics) was detected as a minor component. Based on sensual impressions, we assumed that iso-eugenol and p-creosol were the main causes of the unpleasant odor. We concluded that inhibitors of the biosynthesis of aromatics could decrease concentrations of these compounds and make the fragrance of 'Casa Blanca' less unpleasant. The biosynthesis of aromatics is generally catalyzed by phenylalanine ammonia-lyase (PAL). We used aminooxy acetic acid (AOA) and L-2-aminooxy-3-phenylpropionoic acid (AOPP) as PAL inhibitors. Application of AOA and AOPP at 0.1 mM and 1.0 mM by vase treatment decreased the emissions of scent compounds. For practical application, AOA was selected because of its much lower cost. Continuous treatment with AOA decreased the emissions of scent compounds to 10 to 20% of the control at a constant ratio at all times of day on the second and third days after flowering when 'Casa Blanca' emitted the greatest amounts of scent compounds. Similar effects were found on the last day of flowering. Under certain conditions, temporary treatment for 24 h evoked similar effects as continuous treatment. Application of 1.0 mM AOA caused chemical injury to the tepals, but 0.1 mM AOA did not. Treatment of plants with opened flowers was less effective than treatment at a late bud stage. In summary, continuous post-harvest treatment with 0.1 mM AOA of 'Casa Blanca' at late flower bud stages can decrease the emissions of scent compounds and render the fragrance milder without affecting flower morphology through its period of use as an ornamental.
Introduction
Scent is an important character of ornamental plants; the presence or absence of floral scent influences consumers' buying motivation. Scentless flowers are perceived as incomplete, while the very strong scent of some ornamentals can be an unfortunate quality of commercial products (Barletta, 1995) , the latter is the case in oriental hybrid lilies.
The numerous cultivars of oriental hybrid lilies are derived from Far Eastern species, such as Lilium auratum, L. speciosum, and L. japonicum (JeffersonBrown, 2008) . The flowers are large and showy, and have a strong sweet fragrance (McRae, 1998) . While the fragrance generally confers commercial value to oriental hybrid lilies, the strong smell may become a limiting factor for consumption because usage in confined spaces and restaurants tends to be avoided. Therefore, the ability to control floral scent emission is desirable to increase the demand for oriental hybrids (Fukai and Kawasaki, 2005) .
Floral scents are mixtures of volatile substances, including aromatics, terpenoids, and nitrogen-containing compounds (Knudsen et al., 1993) , which are biosynthesized through various pathways. There are several known inhibitors of these pathways. Some flowers readily and markedly change the emission rates of scent compounds depending on the time of day and temperature (Oyama-Okubo et al., 2005; Sagae et al., 2008) . The commercially desired inhibition of the biosynthesis of scent compounds needs to be stable under the wide variety of conditions to which flowers may be subjected following delivery to the customer. We considered the chemical control of scent emission by biosynthesis inhibitors a promising technique that we attempted to apply to oriental hybrid lilies. In general, aromatics are synthesized in several steps from phenylalanine. Phenylalanine ammonia-lyase (PAL) is a key enzyme which catalyzes the step from phenylalanine to trans-cinnamic acid in plants. Aminooxy acetic acid (AOA) and L-2-aminooxy-3-phenylpropionoic acid (AOPP) are known to be inhibitors of PAL.
Lilium cv. 'Casa Blanca', a typical oriental hybrid cultivar, was introduced by Vletter & J.A. dem Haan Co. in 1984 (Shimizu, 1987 . 'Casa Blanca' has a large pure-white flower with a strong smell; it is often referred to as "the Queen of Lilies". Because 'Casa Blanca' is one of the most popular lilies in Japan, we selected it for our research. We clarified that the compounds responsible for the strong fragrance of 'Casa Blanca' are aromatics. We succeeded in decreasing the emissions of scent compounds and made the fragrance milder throughout the period of use as an ornamental by application of an inhibitor of PAL.
Materials and Methods

Plant material
Cut flowers of Lilium cv. 'Casa Blanca' which had five to seven buds per stem were obtained from flower markets or flower shops. The flower stems were cut to 80 cm in air and placed in test solution in a growth chamber at a constant temperature of 23°C and relative humidity of 60% under a photosynthetic photon flux density of about 250 µmol·m −2 ·s −1 and a 12·12 h (8:00-20:00 light·20:00-8:00 dark) photoperiod. The inflorescence of 'Casa Blanca' is a raceme and flowers bloom successively from bottom to top. Flower buds opened in the afternoon under the experimental conditions. After flower opening, the anthers were removed. Each experiment was replicated three times. The cut flowers remained fresh and retained their ornamental value for 7 days after opening.
Chemical treatment
Aminooxy acetic acid hemihydrochloride (AOA, Wako Pure Chemical Industries, Osaka, Japan) and L-2-aminooxy-3-phenylpropionoic acid (AOPP, Wako Pure Chemical Industries) were used as PAL inhibitors. AOA and AOPP were dissolved in distilled water and 0.1 mM and 1.0 mM solutions were prepared. These concentrations were determined referring to research into the effect of AOA on the vase life of cut flowers (Broum and Mayak, 1981; Harkema et al., 1987 Harkema et al., , 1991 Rattanawisalanon et al., 2003) . Distilled water served as the control. Treatments were started at 10:00. Flower stems were placed in the test solutions either continuously (plant materials were kept in test solution for the duration of the experiment) or for 24 h before transfer to distilled water.
Collection and preparation of emitted volatiles
Emitted volatile compounds were collected by the dynamic headspace method (Oka et al., 1999) . A Tedlar Bag (3 L volume, GL science, Tokyo, Japan) was placed over a 'Casa Blanca' flower including the pedicel. A constant stream of air (approximately 500 mL·min −1 ) was filtered through activated charcoal and then piped through the bag, and volatiles were collected with a Tenax-TA tube (180 mg, 60×80 mesh, Gerstel Inc., Linthicum, USA) (Oyama-Okubo et al., 2005) . Scent compounds were extracted from the tube four times using pentane and diethyl ether (5 mL each time) alternately (Oyama-Okubo et al., 2005) . After the addition of ethyl decanoate (20 µg) as an internal standard, the extract was dried over anhydrous sodium sulfate, concentrated at 40°C in a water bath (Kondo et al., 2007) , and analyzed by GC (capillary gas chromatography) or GC-MS (mass spectrometry). For time-course analysis, the collected samples in the Tenax-TA tubes were directly introduced into GC-MS using a thermal desorption system.
GC-MS and GC analysis
GC-MS was performed using an Agilent 6890 N gas chromatograph coupled to an Agilent 5930 N Mass Selective Detector (Agilent Technologies, Wilmington, USA) (Oyama-Okubo et al., 2005) . The GC was equipped with a splitless injector and a DB-WAX capillary column (30 m length, 0.25 mm i.d., and 0.25 µm film thickness). The temperature program of the column oven was set to 40°C for 2 min, 4°C·min
−1 up to 180°C, held at 180°C for 5 min, 15°C·min
−1 up to 250°C, and held at 250°C for 10 min. The injection, interface, and ion source temperatures were 250°C, 280°C, and 250°C, respectively. Helium was used as the carrier gas. The mass scan range was m·z −1 30-300 and the electron potential was set to EI 70 eV. GC analysis was performed using an Agilent 6850 gas chromatograph (Agilent Technologies) monitored by FID. Analytical conditions were the same as described above for GC-MS. Compounds were identified with the NIST 02 library search algorithm provided with the GC-MS software. The amounts of each compound were calculated based on the peak area of the internal standard.
Time-course analyses were performed by thermal desorption GC-MS using the thermal desorption system 2 (TDS2, Gerstel Inc.) coupled to the GC-MS system. The thermal desorption conditions were heating from 30°C to 250°C at 60°C·min −1 , holding for 10 min at 250°C, and cryofocusing at −150°C in the cooled injection system (CIS, Gerstel Inc.). Following tube desorption, the CIS was heated to 300°C at a rate of 12°C·s −1 in splitless mode to transfer the analytes to the GC column. Analytical conditions of GC-MS except for the injection were the same as described above. Stems of 'Casa Blanca' were placed in distilled water. A nearly opened flower at the bottom of the inflorescence was selected for the collection of emitted compounds, which started at 8:00. The experimental flowers opened about 4 h later. The headspace was sampled for three consecutive periods of 24 h each. Twenty-five volatiles in the headspace were identified by GC-MS and these scent compounds were quantified by GC-FID. The major scent compounds were two aromatics (benzyl alcohol and iso-eugenol) and two terpenoids (linalool and cisocimene) ( Table 1 ). In addition, the aromatic substances p-cresol, p-creosol, and vanillin, and the nitrogencontaining compound indole were detected as minor components. The emissions of scent compounds increased as the blooming period proceeded. As a result, significantly higher concentrations were emitted on the third day compared with the first day ( Table 1 ). The smell of these compounds has been defined as follows:
cis-ocimene, slightly aggressive odor; linalool, floweryfresh odor; benzyl alcohol, weak, slightly sweet odor; iso-eugenol, fine clove odor; p-cresol and p-creosol, sharp odor like a disinfectant; vanillin, typical vanilla odor; indole, fecal odor, floral in high dilution (Surburg and Panten, 2006) .
2) Time-course of floral scent emission
Scent compounds emitted from flowers treated as described above were collected from 8:00 on the first day until 12:00 on the sixth day for 31 consecutive 4 h periods. At anthesis, the dominating scent compounds were terpenoids, cis-ocimene, and linalool. Later, the proportion of aromatics gradually increased (Fig. 1) . The total emissions of scent compounds peaked on the third day and then decreased again. They also showed a pronounced diurnal rhythm with maximum emission at night (Fig. 1 ). This periodicity was found in the emissions of major aromatics as well as major terpenoids; however, the changes of the emissions of terpenoids were greater, and therefore the proportion of aromatics was higher at noon than at night. The emissions of the minor compounds, p-creosol, indole, and vanillin, showed similar periodicity. Methyl benzoate 26.6 ± 5.1 22.7 ± 1.4 18.2 ± 1.1 2-Phenylethanol 2.9 ± 1.6 32.8 ± 2.7 63.9 ± 2.9 Vanillin 14.8 ± 1.2 63.5 ± 3.5 82.6 ± 2.3 Terpenoids 2,6-Dimethyl-1,7-octadiene-3,6-diol 45.5 ± 3.8 75.5 ± 5.6 98.9 ± 2.0 2,6-Dimethyl-3,7-octadiene-2,6-diol 59.9 ± 5. 6.20 ± 1.10 15.7 ± 0.5 16.1 ± 0.9 β-Myrcene 79.9 ± 10.4 137.3 ± 9.3 149.9 ± 9.5 (4E,6Z)-allo-Ocimene 14.4 ± 0.6 35.4 ± 1.9 35.9 ± 2.2 cis-Ocimene 1377.8 ± 188.6 2339.8 ± 181.6 2663.4 ± 179.1 trans-Ocimene 51.6 ± 3.6 107.6 ± 6.5 86.3 ± 3.0
Nitrogen-containing compounds Indole 1.2 ± 0.7 42.9 ± 1.7 87.4 ± 5.9
Total 4812.8 ± 483.4 8840.7 ± 542.1 11613.6 ± 774.8 Fig. 1 . Time-courses of emission levels of the scent compounds of 'Casa Blanca' over 5 days after flowering. The flowers opened at around 12:00 on the first day. The emitted volatiles were collected over consecutive 4 h periods from 8:00 on the first day until 10:00 on the sixth day, and their concentrations were determined by GC-MS. The cut stems were subjected to constant temperature (23°C), humidity (60%), photosynthetic photon flux density (250 μmol·m −2 ·s −1 ), and 12·12 h (light·dark) photoperiods, as indicated by the background shading. Results are from one representative experiment; three independent replications yielded similar results. 
Effects of two PAL inhibitors.
Stems of 'Casa Blanca' were continuously placed in test solutions of AOA and AOPP. Experimental flowers at the bottom of the inflorescence opened about 2 h after the start of treatment. At 10:00 on the second day (24 h after treatment had started), emitted compounds were collected for 1 h. A single stem absorbed 150 to 200 mL of the test solution in these experiments. The total scent emissions of PAL inhibitor-treated flowers decreased to about 10% of the control ( Table 2 ). The smell of AOAand AOPP-treated 'Casa Blanca' was milder and more pleasant. The concentrations of the main scent compounds (benzyl alcohol, iso-eugenol, linalool, cisocimene) were decreased to 10-20% of the control by treatment with 0.1 mM AOA or AOPP. The emission of benzyl alcohol was even more reduced by 1.0 mM of AOA and AOPP. The effect of AOA on iso-eugenol was stronger than that of AOPP, and vise versa for linalool. In addition, the concentrations of p-creosol and p-cresol decreased below trace level by treatment with 0.1 mM and 1.0 mM AOA or AOPP.
3. Effect of AOA treatment on time-courses of scent emission Stems of 'Casa Blanca' were placed in AOA solutions and kept in AOA solution for the duration of the experiment. The treatment started at 10:00, and experimental flowers at the bottom of the inflorescence opened about 4 h afterwards. From 8:00 on the second day, emitted compounds were collected from experimental flowers until 8:00 on the fourth day for 12 consecutive 4 h periods. Total scent emissions of 0.1 mM AOAtreated plants dropped to 10 to 25% of those emitted by control plants, and AOA-treated plants showed weaker diurnal changes ( Fig. 2A-C) . Emissions of both aromatics and terpenoids were decreased by AOA treatment. The inhibitory effects of 1.0 mM AOA were similar.
Comparison of AOA effects in continuous and temporal treatments 1) Concentrations of floral scent compounds
To investigate the durability of the AOA effect, we compared continuous and temporal treatments. The emitted compounds of the first flower from the bottom of the inflorescence were collected for 1 h from 10:00 on the second day. Collection was repeated at the same time of day on the third and seventh days. The total concentrations of scent compounds emitted from plants continuously treated with 0.1 mM AOA solution decreased to 10 to 20% of the control (Table 3a-c). In this continuous treatment, the inhibitory effects of 1.0 mM AOA were higher than those of 0.1 mM AOA. AOA treatment for only 24 h caused similar effects.
2) Tepal quality
The appearance of continuously AOA-treated flowers was similar to the control after 2 days of treatment (Fig. 3A-C) . Seven days after the start of treatment, flowers continuously exposed to 0.1 mM AOA looked similar to control flowers and retained their ornamental value (Fig. 3D, E) ; however, continuous exposure to 1.0 mM AOA led to brown discoloration of parts of the tepals and/or narrowing of the tepals (Fig. 3F, G) . Similar Blanca'. A. Control (0 mM AOA), B. AOA 0.1 mM, C. AOA 1.0 mM. Emitted volatiles were collected by dynamic headspace sampling over 48 h at intervals of 4 h on the second and third days after flower opening and concentrations were determined by GC-MS. Cut stems were subjected to constant temperature (23°C), humidity (60%), photosynthetic photon flux density (250 μmol·m −2 ·s −1 ), and 12·12 h (light·dark) photoperiods, as indicated by the background shading. symptoms were observed in flowers treated with AOA for 24 h.
Flowering stage and effects of AOA
Stems with the first flower from the bottom of the inflorescence that had opened one day before (flower A) and the second flower bud that had opened about 2 h after the start of treatment (flower B) were placed in 0.1 mM AOA and control solutions. Twenty-four hours after the start of treatment (10:00 on day 2), emitted compounds were collected for 1 h from flowers A and B and compared with those collected from control flowers at the same growth stages. Decreases of the total emissions of scent compounds caused by AOA treatment were less pronounced in flower A than flower B (Table 4) .
Discussion
We analyzed the floral fragrance of 'Casa Blanca' over 3 days after anthesis by GC-MS. The results indicated that the major scent compounds of 'Casa Blanca' were two aromatics (benzyl alcohol and isoeugenol) and two terpenoids (linalool and cis-ocimene) (Table 1) . Furthermore, p-creosol (aromatics), which possesses a sharp disinfectant-like odor, was detected.
After 20:00 on the day of anthesis, iso-eugenol had become the major scent component and p-creosol also occurred (Fig. 2) . Based on our sensual impressions, we considered iso-eugenol and p-creosol as the main causes of the unpleasant odor; therefore, we assumed that biosynthesis inhibitors of aromatics might render the fragrance of 'Casa Blanca' more pleasant by decreasing the emissions of these compounds.
PAL is a key enzyme of aromatics biosynthesis (Fig. 4) . We investigated the effects of two PAL inhibitors, AOA and AOPP, on the emission of aromatics from 'Casa Blanca' flowers with an unpleasant scent. Treatment of nearly opened flowers with 0.1 and 1.0 mM AOA and AOPP post-harvest decreased the emissions of aromatics, including iso-eugenol and p-creosol, as measured over a 1 h period. Interestingly, the emissions of terpenoids were also decreased. Total emissions of scent compounds decreased to about 10% of the control, resulting in a milder and more pleasant fragrance.
AOA is a carbonyl reagent and inhibits pyridoxal phosphate-dependent enzymes, including some aminotransferases and amino-acid decarboxylases (Robert and Charteris, 1978) . However, PAL is not a pyridoxal phosphate-dependent enzyme, and the inhibition mechanism is thought to depend on the attack of the Table 3 -c. Emissions of scent compounds of AOA-treated 'Casa Blanca' at 7 days after the start of treatment. dehydroalanyl residue at the active site of PAL by the carbonyl group of AOA (Hanson and Havir, 1970) . Inhibitory effects of AOA on terpenoid biosynthesis in the mevalonate and non-mevalonate pathways, which are independent of amino acid metabolism, have not been found, suggesting that AOA acts through unknown mechanisms. The production of indole was inhibited by AOA. Indole is a nitrogen-containing tryptophan precursor synthesized from chorismate in the shikimate pathway (Radwanski and Last, 1995) (Fig. 4) . The decrease of indole production following AOA treatment is probably caused by the inhibition of tryptophan synthase, which is a pyridoxal phosphate-dependent enzyme.
The phenylalanine analogue AOPP is a highly specific competitive inhibitor of PAL (Hanson, 1981) . Another pyridoxal phosphate-dependent enzyme, tyrosine decarboxylase, is also inhibited by AOPP in some plants (Chapple et al., 1986) , suggesting that AOPP might be an inhibitor of pyridoxal phosphate-dependent enzymes in general. So far, the mechanism of the AOPPdependent inhibition of terpenoids biosynthesis is unknown. Because AOA is an ethylene synthesis inhibitor (Broum and Mayak, 1981) that has already been used as a preservation agent in cut flowers (Onozaki, 2002) , AOA is more easily available and 400 times less expensive than AOPP. Thus, AOA seems more suitable than AOPP as a commercial scent production inhibitor.
Scent emission in 'Casa Blanca' exhibited diurnal changes with maxima at night and minima at noon (Fig. 1) . It has been reported that the strength of the fragrance showed similar diurnal changes (Fukai and Kawasaki, 2005) . By continuous treatment with 0.1 mM and 1.0 mM AOA, the emissions of scent compounds including iso-eugenol and p-creosol were constantly decreased to 10-25% of the control throughout the second and third days of flowering when 'Casa Blanca' emitted the highest amounts of scent compounds (Fig. 2) . Similar effects were found at 10:00-11:00 on the seventh day. Thus, we succeeded in reducing the emissions of scent compounds in 'Casa Blanca' through its period of usage as an ornamental.
Assuming that the treatment would be applied before shipping the plants from the producers, we investigated the durability of the effect of temporary AOA treatment. Because our findings indicated that the AOA effect was evident at any time of day, scent concentrations emitted from 10:00 to 11:00 on the second, third, and seventh days were analyzed. We found that treatment for 24 h had the same effect as continuous treatment. In the temporary treatment, most plants took up 150 to 200 mL of the test solution. In one case, a cut flower absorbed only 20 mL and a satisfactory effect was not achieved (data not shown); therefore, the duration of the treatment should be adjusted to the condition of the target plants for practical use of this method. While morphological changes and injuries to tepals were caused by 1.0 mM AOA, treatment with 0.1 mM AOA had little effect on tepal quality (Fig. 3) ; therefore, 0.1 mM AOA is a suitable concentration for 'Casa Blanca'. When 0.1 mM AOA was applied to flowers that had already bloomed, scent production was not sufficiently inhibited (Table 3) . We conclude that AOA treatment for floral scent inhibition should be performed before flower buds open.
In this study, we demonstrated that continuous treatment of cut 'Casa Blanca' with nearly opened flower buds with 0.1 mM AOA solution can decrease the emission of scent compounds and make the fragrance milder and more pleasant, while maintaining the morphological properties throughout the ornamental period. There are numerous strongly scented flowers, such as Orienpet (OT) hybrid lilies, narcissuses and stocks. Because aromatics and terpenoids whose emissions were affected by AOA are major scent compounds in ornamental flowers in general, we expect that the method developed here can be expanded to other species. 
